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KATIOHAL  ay 8 TOEBDtt  83TABLI3HMBKr 

Pressure  Pulees  Caused  by  a Change  in  Fuel  Air  Ratio 
in  a Simply  Stabilised  Burning  Zone. 

- by  - 

D.  C.  Stesnrt  and  H.  V.  Nesbitt 

stmvar 

This  report  describee  an  experimental  investigation  of  the  pressure 
transient  caused  by  a sudden  change  in  fuel-air  ratio  in  a simply  stabilised 
oortmstlon  sons  such  as  that  of  a ramjet  or  reheat  system.  This  information 
is  required  for  a full  investigation  of  combustion  excited  oscillations  in 

suoh  systems. 

The  experimental  results,  which  show  considerable  soot  ter  awing  to 
difficulties  of  measurement  and  random  effects  in  the  transient  process, 
ore  compared  with  theoretical  results  and,  when  allcmnnoe  far  friction  is 
made,  these  are  in  good  agreement  for  small  transients,  the  divergence 
between  theory  and  experiment  for  large  transients  possibly  being  caused 
by  simpl if loot ions  made  in  the  theoretical  calculations. 

It  is  considered  that  tits  data  finally  obtained  should  apply  reason- 
ably well  to  transient  ooabustlon  processes  in  other  chambers  unlng  other 
fuels,  provided  atoichiametrlo  fuel-air  ratio  is  not  exceeded. 
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1.0  Introduction 

The  present  work  is  port  of  a general  investigation  of  oonfeuatioa 
exalted  oscillations  in  ramjet  and  reheat  chambers  which  ocamenced  with  the 
work  of  Ref.  1.  A detailed  Investigation  of  the  mechanism  of  oscillation 
involved  and  the  factors  affecting  it  la  reported  in  Ref.  2 but  the  follow- 
ing brief  explanation  of  the  mechanism  studied  there  will  bo  given  here:- 

■ Referring  to  Fig.  1,  if  osmbII  random  pressure  disturbance  arises 
aomswhere  in  the  combustion  region  at  B,  it  causes  pressure  waves  to 
propagate  up  and  downstream.  The  upstream  wave  onuses  a reduction  in  air 
mass  flaw  sod  so,  as  the  fuel  flow  is  sensibly  constant,  a quantity  of 
richer  mixture  forms  as  the  upstream  pressure  wave  passes  the  fuel  injeator. 
This  rich  mixture,  on  flowing  down  to  the  oasbustlon  sons,  releases  extra 
energy,  and  so  gives  rise  to  a second  pressure  disturbance.  In  this  way  a 
regular  succession  of  pressure  pulses  nay  occur.  This  simple  explanation 
does  not  fully  describe  the  complex  oscillations  dealt  with  in  Ref.  2 in 
which  secondary  wave  reflections  are  important,  but  it  is  sufficient  to 
provide  a background  for  the  present  work. 

A full  investigation  of  instability  of  this  type  would  require  the 
cycle  of  oscillation  to  be  asm  noble  to  calculation,  thus  allowing  theoretical 
predictions  of  stability  limits  and  amplitudes  of  oscillation  in  any  c hasher. 
Although  this  ideal  cannot  be  fully  achieved  owing  to  complicated  secondary 
effeota,  it  is  still  desiroblo  to  approach  it  as  far  as  possible  and  to  knur 
quantitatively  whot  occurs  during  a cycle. 

The  greatest  uncertainty  in  analysing  the  cycle  of  o so illation  is  the 
effect  of  o change  in  fuel-air  ratio  in  producing  a pressure  transient.  A 
quantitative  knowledge  of  this  effect  should  be  useful,  not  only  with 
reference  to  the  mechanism  of  instability  mentioned,  but  also  in  connection 
with  other  phenomena.  For  example,  in  a ramjet  operating  with  an  unstable 
intake,  the  amplification  by  the  combustion  sons  of  flow  disturbances  arising 
in  tbs  intake  could  be  calculated,  it  should  be  noted  that,  since  the  com- 
bustion region  is,  in  these  oases,  some  distance  from  the  fuel  injector,  it 
is  immaterial,  os  far  as  the  combustion  behaviour  is  concerned,  whether  a 
change  in  fuel-air  ratio  la  brought  about  by  a change  in  fuel  or  in  air  mass 
flow. 

In  this  report  an  experimental  study  the  transient  effeota  of  a 
ohaoge  in  fuel-air  ratio  la  described  and  the  results  of  this  work  are 
compared  with  various  theoretical  treatments  of  the  same  problem. 

2.0  Theory 

2.1  General 

The  problem  to  be  considered  is  that  of  a homogeneous  mixture  burning 
behind  a flams  stabilisim  baffle  in  a uniform  duct.  If  steady  conditions 
are  disturbed  by  suddenly  altering  the  fuel-air  ratio  it  is  required  to 
find  the  resultant  pressure  and  flow  disturbances.  The  nature  of  the  change 
in  fuel-eir  ratio  may  be  a pulse  (i.e.  an  increase  or  da  crease  follcwed 
by  a return  to  the  initial  value),  or,  in  the  simplest  case,  o transient 
(i.e.  « uoldlreetionalohange  followed  by  a new  constant  value). 

The  qualitative  flow  behaviour  any  be  illustrated  by  referonoe  to 
Fig.  2.  Fig.  2 k shove  tits  distance- time  (or  x * t)  diagram  far  steady 
oemditions  in  vteich  tbs  ocafeustlble  mixture  flaws  towards  a flams  stabiliser 
A where  it  ignites  end  burns,  coafcustlon  being  a sewed  complete  at  tbs 
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Motion  B.  Lines  such  os  CD  represent  the  poth  of  successive  gas  layers 
4«ra  the  tube  as  they  are  accelerated  through  the  burning  region. 

Consider  new  the  case  of  a transient  increase  in  fuel-air  ratio  in 
such  a system  (Fig.  2B).  Again  A aw*  B represent  the  flame  stabilisers  and 
origins!  completion  of  combustion.  Line  EF  represents  the  path  of  the  gas 
layer  In  which  the  fuel-air  ratio  starts  to  increase  and  it  is  assumed  to 
inoreaae  up  to  the  layer  whose  path  is  GK,  after  vhich  the  f'ual-air  ratio 
rwaalne  constant  at  the  higher  value.  The  line  of  completion  of  combustion, 
which  is  now  not  a fixed  point  in  the  duct,  becomes  BJKL. 

Theoretical  treatment*  of  this  process  and  full  theoretical  discussions 
are  obtained  in  Ref.  3,  4 and  5,  some  of  the  reeults  of  which  are  referred 
to  later  and  compared  with  the  present  experimental  results.  The  purpose 
of  this  section  is  to  draw  attention  to  the  theory  as  an  aid  to  interprets 
the  experimental  results.  In  particular  it  is  necessary  to  find  from  the 
theory  sons  indication  as  to  how  the  various  experimental  variables  are 
likely  to  outer  into  the  final  result  and  how  they  may  beat  be  combined  in 
finding  a final  correlation  of  experimental  results. 

An  exact  treatment  of  the  problem  can  be  node  only  if  trie  combustion 
behaviour  is  known  throughout  the  process  and  It  is  here  that  the  greatest 
difficulty  arises.  The  combustion  rate  during  steady  combustion  my  be 
determined  experimentally  and  this  has  beer,  done  on  the  present  test  rig. 

(See  Appendix  I).  However,  although  these  results  will  apply  to  the  steady 
state  before  the  transient,  they  give  ao  indication  of  the  conimstion  rate 
dtyring  or  immediately  after  thi  transient  and  i t would  be  possible  to  find 
this  mate  only  by  means  of  very  elaborate  instrumentation.  There  appears 
to  be  no  theoretical  way  of  determining  precisely  the  combustion  rate  dur- 
ing a transient  since  thi3  is  likely  to  .leyjn4  or.  vcth  pressure  ar’  turbulence 
effects.  It  may  be  expected,  for  example,  that  the  sudden  onset  of  unsteady 
flow  during  the  transient  can  so  increase  the  turbi.lor.ee  in  tee  combustion 
zone  that  the  ooobuation  rate  my  rise  during  the  traimient  and  it  is  also 
possible  that  if  the  initial  steady  combustion  is  inefficient,  the  effioieney 
may  rise,  thus  effectively  increasing  the  magnitude  of  the  ■'Vsl  transient. 


Because  of  these  uncertainties  it  is  impossible  at  the  moment  to 
calculate  exactly  whet  occurs  during  0 transient  and  the  beet  thr.t  can  be 
done  is  to  calculate  on  the  basis  of  definite  assumptions  and  to  assume  that 
the  result*  so  calculated  will  indicate  the  trend  of  events  although  they 
moy  not  be  expeoted  to  be  in  perfect  numerical  agreement  with  aho  experimental 
results.  The  ootaplex  analyses  are  very  greatly  simplified  if  the  conbustion 
behaviour  is  assumed  such  that  before,  during  and  after  the  transient,  the 
time  rate  of  entropy  increase  of  a burning  gna  layer  remains  constant  (or 
at  least  that  this  rate  depends  only  on  diet  position)  and  this  aesunption 
is  unde  in  the  theoretical  calculations  below. 

It  should  be  noted  that  the  comprehensive  theory  of  Ref.  6 allows 
calculations  to  be  made  for  any  law  of  burning  without  '.hie  limitation  on 
entropy- rate  but  as  the  actual  burning  law  is  not  yet  known,  calculations 
to  compare  with  experiment  have  been  made  hosed  only  on  tie  simple  assump- 
tion. Various  theoretical  calculations  sre  available  and  the  following 
will  be  considered,  in  order  of  increasing  complexity: - 

1,  Small  pulse  calculation,  valid  only  for  infinitesimal  combus- 
tion transients,  (See  Ref.  3) 

(a)  considering  sera  initial  fuel  flaw. 
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(b)  considering  a large  initial  fuel  flow  in  which  oase 
the  pressure  pulses  are  modified  by  attenuation  asSJ 
reflection  in  the  large  turning  sone. 


2.  Mathematical  large  pulse  calculation  consisting  of  an  integra- 
tion of  tbs  snail  pulse  theory,  (See  Bef.  .’>) 

(e)  neglecting  all  attenuations  and  reflections  end  assuming* 
fictitiously,  that  su** missive  increments  of  the  pressure 
pulses  are  measured  wher>  they  are  originally  produced* 

(b)  considering  the  first  aporaxlmttion  to  the  attenuation 
of  the  pressure  pulses  tn  the  burning  and  burnt  sones 
but  ignoring  reflection*. 

3.  Complete  graphical  calculation  for  a large  pulse  and  large 
initial  fuel  flow,  all  attenuations  awl  reflections  being  considered,  the 
result  applying  only  for  one  typical  magnitude  of  combustion  transient, 

(8ee  Ref.  3). 


2.2  Shell  pulse  calculation 

It  is  shown  in  Ref  3 that,  for  a ami'.  fu«l  transient,  sero  initial 
fuel  flow  and  a constant  rate  of  entropy  increase  through  the  burning  sons, 
the  pressure  transient  is  giver,  by: 


11  Mo  *P 

r ^ 

(1) 

Mo  P 

2Cp 

where 

a 

initial  stood'  Mach  number 

P 

a 

" " pressure 

Ap 

a 

transient  increase  in  pressure 

AS 

a 

• " * entropy  due 

to  combustion 

of  odditionol  fuel 


Cp  • specific  hea»  at  constant  pressure 

y ■ specific  heat  ratio 

and  the  i sign  refers  to  downstream  and  upstream  pulses  respectively. 

Uslr^  hydrogen  as  fuel  it  is  shewn  in  Appendix  II  that  equation  (1) 

becomes: 

IzZi  £.o.*7  a(*/a>  <2> 

Mo  P 

where  a(P/a)  • transient  ir.  j-ecae  in  fuel-air  ratio. 

The  Important  conclusions  from  this  theory  for  memll  jmlses  and  ssro 
Initial  fuel  flaw  arei- 

(1)  Ths  aagnitudss  of  pressure  transient  and  fuel  transient  ere 
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41**etljr  'related  ind*  <mUat  of  tda»  «fr«ot««  e^asti/ia  (2)  giving  the  sic; 
•t  the  origin  of  th*  iim  of  pressure  tuauei-.^t  sjn«*wt  fuel  tmuaient- 


faotar 


(2)  She  effe  v cf  initial  M*ah  «usb*r  is  r ippiy  vqpvmt !«*=d  isy  * 


Far  a large  Ini*  £.i  fuel  poise  reflection*  end  attenuation* 

be  dealt  with  by  the  i > ttv-fa  of  Set'.  (5}  and  this  ha*  been  dans  in  kvpa  *• 
It-  for  an  initial  hpfi  fl  >»  pf  sc  per  owr-i  etoio&tasetarlo  bts-nlivt  w *' 
100  per  oent  affioien  i rlth  initial  3=1?  'loch  nwb-rs  of  CrlO  c-4  0,20- 

The  rmat*  any  be  exj  t tease *«;- 


* k»a> 


where  the  factor 


1 1 


Is-  inolv4sd  far  swfersace  to  the  original  f cr.^«l  1 


but  does  not  indicate  i.Jat  he  off  act  of  fna  ini  tin  1 cold  Mbc*i  aynhar  ia 
ao  expressed.  Values  > u"  k ( fr^n  eviction.*  (?>  **.rc.  fS)  of  .tasenillx  H)  «r* 
sb  folloesj- 


&S&T22.  ):^SS.  ^SSSESJK^. 


Zero  initial  fuel  "us , 
any  Mach  bub  ■.? 
Initial  FA  20  ps*  oen 
otoichiossetre 

x » 0.1 

X - 0.2 


0*26 . 


0.26? 


0.111 

0.115 


-.176 

0.199 


Thaea  nuasrioal  win*  »r&  ceapored  with  ^periiwotol  results  in 
Section  k and  Flga-  8 ani  ).  Tfesy  indicate  tlr-t.  owing  to  attenuations  and 
reflections  in  the  burn!  'tg  xc  ;s,  the  ftx&$ Le  formula  for  mro  initial  fuel 
floe  dosa  not  apply  for  -o  ••  initial  oon&A  ticca  although  the  offer,*  of 
Initial  Ha  oh  nunber  ia  » tl>  1 . gits  aXo*e>l?  exjawsaed  by  the  factor* 

UM e 


2.3  Mittaaatioal  1 jj  o culse  oalculatltm 

Tbe  derivation  of  larfe  pulse  theory  frofe  that  f er  a mall,  pulse  is 
explained  in  Appendix  ZZ  at*.'  the  swnuta  or  tnleulatian*  deeoribod  in 
Mint  Appendix  will  be  dteona  m 1 here. 

In  tbs  Appendix  oalool  tione  ore  w*4te  of  the  prssewrw  trsneisata  for 
fuel  transients  up  to  ^ ■ It  ->  % HT*  uMnadqg  asm  initial  fusl  floe  and 
initial  Utah  ember  • 0.20. 
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Calculations  were  made  on  tw?  bases 

(a)  Neglecting  all  attenuations  and  reflections  of  pressure  pulses 
in  the  burning  and  burnt  regions. 

(b)  Considering  "the  first  approximation  to  attenuation. 

Puller  discussion  of  what  is  re  ant  by  these  two  assumptions  is  contained 
in  Appendix  II . 

The  results  of  these  calculations  are  shewn  in  Pigs.  8 and  9 and  they 
are  discussed  in  Section  4*2.  In  particular  the  following  should  be  noted 

(1)  The  slope  at  the  origin  of  the  large  pulse  result  is  as  given 
by  the  small  pulse  calculation. 

(2)  The  calculations  made  to  not  specifically  indicate  effects  of 
initial  fuel  flow  and  Mach  number  on  :;he  transient,  although  it  may  be 
expected  that  the  same  trends  will  apply  - s for  the  small  pulse  calculation. 


2*4  Complete  graphical  calculation 

The  calculation  of  Ref.  4»  apart  f r>m  the  limitation  of  constant 
entropy  rate,  is  accurate  in  considering  ill  attenuations  and  reflections 
without  approximations. 


The  calculation  of  Ref.  4 applies  t .•  an  initial  cold  Mach  number  of 
0.20  and  for  one  fixed  set  of  data  which,  using  the  appropriate  initial 
conditions,  leads  as  shown  in  Appendix  II  to:- 

Initial  fuel-air  ratio  before  transient  = 2.98  x 10" 3 

Increase  in  fuel-air  ratio  during  transient  = 6.45  x 10” 3 


The  results  of  the  claculaticn  are  ;iven  in  Ref.  4 and  shew  the  time 
variation  of  upstream  and  downstream  pressure  and  velocity  during  the 
transient.  The  results  of  interest  are  tie  peak  pressures  which  are:- 


Por  the  upstream  pulse  AE  = 0..300 


Por  the  downstream  pulse 


^ = 0. 345  (Case  l) 


= 0.25'j  (Case  2) 


where  p = initial  steady  pressure  before  transient 

Ap  *s  maximum  pressure  increase  during  transient. 

Here  case  1 refers  to  the  downstream  pressure  which  would  be  measured 
at  a point  where  the  peak  pressure  coincided  with  peak  temperature  (i.e.  at 
a point  corresponding  to  the  longest  flane  lengths,  K»  Pig  2B)«  Case  2 
refers  to  the  downstream  peak  pressure  when  the  temperature  at  the  point  of 
pressure  measurement  is  still  at  the  lower  value(i.e.  measuring  point  well 
downstream  of  burning  region  so  that  the  pressure  wave  reaches  the  measuring 
point  before  the  region  of  increased  temperature  reaches  it.) 

The  significant  conclusions  from  this  work,  apart  from  the  actual 
numerio&l  values  which  are  compared  with  experimental  results  and  the  other 
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theories  in  beetle*.  4.2  sod  tig*.  8 at*  $ arss- 

(1)  the  magnitude  of  the  downstream  pain*  will  depend  in  otmtim 
fMfciow  00  the  initial  Jfeob  softer  and  fuel  flew  and  oothe  point  at 
S*w#«w*  — eurwnta  because  of  tbs  existence  of  the  two  ooees  mentioned 
flepmdibg  on  wtettwr  or  not  the  high  pressure  am  liigh  tcspsrat ure  lejiM* 

upstrwas  poise  will  not  be  thus  dependent. 

(2)  It  *Sem  in  Appendix  ZZ  that,  for  s given  initial  Ifcoh 
■ft tafr  one  lagorteat  jmiaamter  specifying  tbs  problem  is  tier  re  tip  ef  tbs 
tias  for  peak  prim are  to  ooour  in  the  pulse  to  the  time  of  change  In  fuel- 
air  ratio.  Although  it  is  Impossible  to  decide  what  is  the  dependence  on 
tbia  rstio  it  is  conceivable  that  fusl-elr  ratio  and  pressure  transient 
Magnitudes  and  these  may  be  related  such  that  tbs  bets  of  inareass  of 
pressure  depends  only  on  tbs  rots  of  increase  of  fust-air  ratio. 

5f  $3*25*21 

5*1  desartotion  and  acporiaental  tecfaaigtM 

These  experiments  were  serried  out  with  a dust  which  simulated  con- 
ditions ia  a ramjet.  Tbs  dust  was  of  5 Inches  diameter  stainless  steel 
with  a pitot  intake  and  diffuser  at  om  end  blown  by  a free  Jet  and  hew- 
ing separated  fuel  iajsotora  and  floss  stabilisers.  Wo  attempt  was  made  at 
actually  scaling  a ramjet*  but  rather  the  wave  conditions  appertaining  to 
a ramjet  were  treated  on  a smeller  scale.  A scheme  tic  diagram  of  the  rig 
set  up  is  given  in  Pig.  ). 

the  fuel  used  was  hydrogen.  A back  of  six  cylinders  pressurised  to 
3,5<W  p.s.l.  supplied  fuel  to  the  rig  through  two  pressure  reducing  waives 
and  a waive  network  which  enabled  tbs  rig  to  be  run  nt  a steady  fuial  flow 
while  at  tbs  same  time  a rapid  pulse  of  fuel  oould  be  supplied.  Tbia  valve 
network  ia  Illustrated  in  Pig.  3*  Tbs  pressure  reducing  waives  wars  always 
set  to  give  * pressure  of  about  400  p.a.i.  isswdiately  after  them*  any 
fluctuations  through  them  being  smoothed  by  the  damping  cylinder.  After 
passing  through  the  main  fuel  control  valve  the  fuel  entered  0 bif«*nated 
section*  amah  branch  of  which  contained  a throttle  valve  and  cos  jf  which 
also  contained  a quick  operating  solenoid  valve.  The  two  branches  Joined 
e oomott  tube  naming  to  a fuel  distributor  which  was  designed  to  have 
the  minimum  volume  onmeenaurats  with  distribution  to  seven  fuel  spoke 
supply  lima.  the  foal  sputa  supply  liars  were  of  equal  length  so  that 
any  transient  phenomenon  reaching  the  fuel  distributor  would  be  transmitted 
to  all  the  fusl  spokes  in  the  same  time  interval,  Being  this  anangeaent 
a large  increosv  In  fuel  flow  could  be  applied  in  lees  than  $ milli- 

Shs  rate  of  fuel  supply  was  reed  from  a pressure  gauge  tapped  into 
the  foal  distributor,  this  gauge  was  calibrated  for  hydrogen  flow  against 
a small  8ritipb  8taaderd  orifice  plate  over  a rang e of  bade  pressures. 

It  vet  foond  that  for  tbs  range  encountered  under  running  conditions * 
haflk  yrhftsutobed  no  slgnlflbifit  effect  on  fuel  fit#  ha  the  injection 
hglea  fere  ruaolng  choked,  the  shewn  spoke  fusl  IhJeetwrUah  designed  to 
git*  as  onSfora  as  pcaaibls  fowl  distribution  over  the  duet. 

tha  setting  of  the  fusl  system  to  supply  any  desired  steady  Awl 
fiber  vbllsot  the  mas  tiae  being  ablt  to  supply  any  Aestesd  fuel  transient 
and  soeosmllshed  bysaolpulpitit^  throttle  volte  A and  the  min  fuel  oontrol 
volte  until  the  flow  gangs  gut* 'the  desired  xwadiig  aad  the  pressure  in 
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the  bifurcated  Motion  was  such  as  to  give  the  desired  transient.  The  fuel 
transient  was  provided  by  the  sudden  opening  of  the  solenoid  valve  which 
allows  a rapid  rate  of  pressure  rise  at  the  distributor.  Throttle  valve 
8 was  used  to  control  the  rate  of  rise  of  pressure  so  that  the  initial  slope 
of  the  transient  could  be  varied  at  will. 

The  pressure  variations  in  the  duct  were  measured  by  three  capacity 
typa  water  cooled  pressure  pick-upe  mounted  at  the  positions  shorn  in  Pig.  3* 
The  outputs  from  these  pick-upe  were  fed  into  three  chennols  of  a four  channel, 
amplitude  modulated  electronic  recorder.  The  fourtheohannel  reoleved  signals 
from  a plok-up  in  oos  of  tha  fuel  spoke  feed  lines  so  that  it  recorded 
transient  fuel  phenomena.  The  movements  of  the  four  cathode  ray  osollloa- 
oope  spots,  together  with  e 50  cycle  time  spot,  were  recorded  by  s 70  m.m. 
Aviso  strip  oemera  operating  at  o paper  speed  of  % inches  per  second. 

The  experimental  procedure  wna  as  followa:- 

With  the  airflow  set  at  any  convenient  value  the  fuel  flew  was  set 
to  give  the  desired  steady  flow  while  at  the  same  tie*  the  fuel  pressure 
in  the  branched  section  was  adjusted  to  give  the  required  fuel  transient. 
Following  this  operation  the  Mach  number  was  set  to  a specified  nominal 
value  using  a graph  connecting  Koch  number  with  static  and  dynamic  duct 
pressures.  Air  flow  was  measured  by  means  of  a pitot  comb  connected  to  a 
bank  of  manometers  and  it  waa  adjusted  by  manipulation  of  the  main  air 
control  valve. 

Having  set  the  fuel  and  air  flew,  readings  were  token  of  air  tempera- 
ture, air-flow  Eonoiaetera,  fuel  temperature  and  pressures  and  exhaust  tempera- 
ture using  s ten  point  traverse.  The  camera  was  started  and,  after  giving 
it  approximately  half  a second  to  speed  up,  the  solenoid  valve  was  opened. 

Care  was  needed  in  the  handling  of  tho  pressure  pick-upe  and  to 
obviate  errors  tho  plok-ups  were  statically  calibrated  in  situ  before  and 
after  eeoh  run  by  sealing  tha  ends  of  the  duct  ami  pressurising. 

3.2  Results  and  analysing  technique 

Typical  records  of  duct  conditions  occurring  when  a fuel  transient 
was  applied  sre  shown  in  Fig  4.  The  four  channels  represent  tho  following;  - 

Channel  1 - duct  pressure  upstream  of  injector  end  stabiliser. 

Channel  2 - duct  pressure  between  injector  and  stabiliser. 

Channel  3 - duct  pressure  downstream  of  stabiliser. 

Channel  4 - fuel  pressure. 

Figs.  4A  end  A3  show  typical  records  for  small  and  large  transients 
respectively.  Fig  40  shows  the  record  obtained  when  the  solenoid  valve 
was  closed  after  a transient  before  the  cane  re  was  stopped.  Although  it 
was  not  primarily  intended  to  investigate  this  "rarefaction  transient", 
the  fww  records  obtained  in  this  way  have  been  analysed  and  coopered  with 
the  "compression  Transients". 

Correlation  of  results  was  attempted  on  many  lines  (see  Section  4.1) 
but  only  two  type*  of  meosureaent  tram  the  records  were  required.  One  of 
these,  the  Issst  satisfactory , required  finally  the  rate  of  pressure  rise 
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and  the  rata  of  fuel  flow  rise  to  be  do  to  mined,  which  involved  measurement 
of  the  gradients  of  the  traces  os  the  transient  occurred.  Xeeaureaents  of 
the  gradient  of  the  fuel  transient  were  quite  straightforward  and  reproduci- 
bility was  good  but  neesureaents  of  the  gradients  of  the  dust  pressure 
transients  ware  exceedingly  difficult.  The  records  show  that  under  steady 
condition*  there  is  quite  a deal  of  pressure  disturbance  due  to  duot  turbu- 
lence possibly  Dignified  by  combustion  and  during  a transient  this  steady 
state  *hasL"  tends  to  distort  the  traoe  making  it  difficult  to  determine 
the  true-  assn  path  of  pressure  rise.  For  this  reason,  when  the  gradient 
waa  measured  it  was  possible  to  sake  an  error  of  up  to  £ 2 degrees  in  use  sirr- 
ing the  angle , and  as  the  angle  of  rise  wes  usually  greater  than  70  degrees, 
this  error  was  magnified  considerably  when  the  tangent  of  the  angle  waa 
used  in  calculations. 

Other  methods  of  calculation  required  the  measurement  of  the  amplitude 
of  fuel  flow  and  duot  pressure  changes.  As  before * the  measurement  of  the 
change  in  fuel  flow  WSStS  ftTe  easy  matter,  but  in  the  measurement  of  amplitude 
of  pressure  charge  the  "hash"  caused  some  uncertainty  as  to  what  waa  the  true 

peak  of  the  transient.  However,  this  method  had  the  sdvsntege  over  the 
gradient  method  that  errors  made  were  not  amplified  in  the  calculations. 

Several  correlations,  including  the  gradient  type,  required  a measure- 
ment of  the  time  intervals  over  which  the  fuel  flow  and  pressure  rose.  In 
all  oases  it  was  difficult  to  decide  exactly  when  the  rise  began  and  ended* 
and  in  all  correlations  involving  tine  intervals  the  results  were  suspect 
far  this  reason. 

3*3  Notes  on  reproducibility  and  accuracy 

The  accuracy  of  readings  obtained  in  these  experiments  waa  not  high 
for  several  reasons.  In  all  oases  there  was  a certain  amount  of  pressure 
fluctuation  due  to  no  reel  turbulence  in  the  duot  and  to  the  resulting 
unsteady  combustion.  This  distorted  the  trace  on  the  film  so  that  the  true 
path  of  the  pressure  change  produced  by  « fuel  transient  was  not  always 
olear.  There  measurement  of  the  rate  of  pressure  change  was  required*  i.e. 
measurement  of  the  gradient  of  the  change  as  shown  on  the  traoe*  this  back- 
ground made  it  quite  difficult  to  deolde  what  waa  the  true  gradient  and  as 
mentioned  before  errors  mads  in  the  measurement  of  this  angle  were  considerably 
magnified  when  its  tangent  was  used  in  calculations  of  the  rate  of  change 
of  pressure. 

When  measurements  were  made  of  the  amplitude  of  the  pressure  ohsngs* 
the  background  again  made  it  difficult  to  determine  the  true  peak  pressure 
but  as  there  was  no  magnification  of  error*  as  was  the  case  with  gradient 
■eesuesaents*  this  method  gave  a more  accurate  result. 

Another  source  of  error  was  the  lack  of  control  over  the  thickness 
of  the  trace  appearing  on  the  film.  The  maximum  deflection  measured  was 
of  the  order  of  0.3  inch  and  generally  speaking  the  measured  deflections 
ware  about  0.15  inch  so  that  the  trace*  if  too  thick,  could  be  a source 
of  error.  Tbs  thickness  of  the  traoe  depended  upon  the  exposure  given  to 
the  film  by  the  cathode  tube  spot  and  hence  upon  the  rate  of  change  of 
pressure  which  meant  that  asesureaents  of  sea  11  deflections  ware  liable 
to  larger  errors  due  to  this  cause  than  larger  deflections.  This  does 
not  necessarily  mean  that  the  larger  transients  were  measured  more 
accurately*  since  often  to  record  large  transients  the  gain  at  the 
amplifiers  needed  to  be  lowered*  resulting  in  a smeller  deflection  of  the 
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«<M*  tab*  spot. 

Vith  gradient  RMiureacnti  thick  traces  led  to  further  uncertainty 
os  to  whet  ess  the  true  gradient  of  the  change.  Is  before  large  deflection* 
firing  turner  traoes  led  to  sere  eooumte  results. 

In  addition  to  all  these  measurement  errors  there  is  the  ever- 
present effect  of  non-reproducibility  of  the  transient  process  due  to 
uncontrollable  variation  of  turbulence ' aad  other  fhotors.  This  effect  is 
likely  to  be  far  more  serious  than  that  encountered  with  steady  combustion 
prooesees. 


In  on  attempt  to  get  sene  quantitative  ideas  of  the  Magnitude  of 
errors  occurring*  o run  woe  carried  out  in  which  twenty-eight  readings 
wwra  taken  at  the  esse  rig  setting.  The  results  were  computed  to  determine 
rate  of  pressure  rise  end  amplitude  of  pressure  rise  and  the  results  are 
shown  in  table  J . As  an  Indication  of  the  reproducibility  obtainable  the 
range  of  values  obtained  from  each  channel  during  this  run  are  shown. 

TABUS  I 


Aoouracy  of  experimental  results 


Quantity 

& 

Rots  of  preeauro  rise 

Pressure  Amplitude  AP 

Mean  fuel  value 

Standard  deviation  of  a 
single  observation 

Standard  deviation  of 
arithmetic  aeon 

Bangs  of  velum 
obtained 

^ - 3.772  sdUi.lb./aee. 
0.1096$ 

0.55* 

3.60$  to  A. 05  mUli.lb./see. 

AP  » 5.72  milli.lb./aeo. 
There  was  no  measurable 
error  In  the  maaeurement 
of  the  amplitude  of  the 
fUel  transient 

Channel  1.  Mean 
value 

Standard  deviation  of 
a single  observation 
Standard  deviation  of 
nrithnatio  Mann 
Bangs  of  values 
obtained 

dP/&t  ■ 1697  lb./ln.2/sec. 

421  lb./in.2/seo. 
4.69* 

1100  to  2660  lb./itu2/see. 

in*  H{t 

0*276  In.  Hg* 

1.27 % 

3.51  to  4.86  in.  Hg. 

Channel  2.  Mien 

Standard  deviation  of  a 
single  Sbeervntion 
Standard  deviation  of 
arithmetic  man 
Bangs  of  valuta 
obtained 

■ 1546  lb./in.2/eec. 

264  lb./ln.2/aeo. 
3.2# 

1175  to  2010  lb./in.2/seo. 

APg  * 4*84  in.  Hg* 

0.282  in.  Hg. 
1.1* 

4*30  to  $.37  in.  Hg. 

Channel  3.  Mna 
value 

Standard  deviation  of  a 
single  observation 
Stamrd  deviation  of 
arlthmtio  man 
Bangs  of  values 
obtained 

• 236$  lb./ln.2/seo. 

832  lb./ln.2/seo. 
6-75  $6 

106$  to  4400  lb./in.2/seo. 

AP3  - $.7$  in.  Kg. 

0.97b  in.  HB> 
3.2  % 

4*33  to  8.6$  in.  Hg. 
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Tbs  two  methods  of  obtaining  a final  result  aan  be  weighed  agaiwt  e&oh 
other  by  comparison  of  the  standard  deviations  of  the  arithsastie  nee  ns  for 
each  channel  (see  Table  1).  Such  c oaoprrison  shows  that  amplitude  measure* 
aents  give  errors  of  a third  to  a half  of  errors  inourred  in  the  other 
method.  Examination  of  the  standard  deviations  of  single  observations 
indicates  that  for  the  d&teminetlcn  of  rate  of  pressure  rise  these  errors 
are  of  the  order  of  17  - 35  per  cent  of  the  value  read  while  for  the  pressure 
amplitude  measurements  they  ere  of  the  order  of  6 - 17  per  cent  depending 
upon  which  channel  is  considered.  These  results  indicate  that  for  sirgle 
observations  measurement  of  rote  of  pressure  rise  is  likely  to  bo  In  far 
greater  error  than  measurement  of  pressure  amplitude. 

The  greater  port  of  the  error  in  the  final  results  arises  from 
transient  pressure  measurement  and  on  this  basis  tbs  standard  deviation  of 
a single  observation  is  approximately  6 per  cent  for  ohannele  1 and  2 and 
17  per  oent  for  channel  3. 

4.0  Results  and  discussion 


4.1  Correlation  of  experimental  results 

The  experimental  investigation  contains  many  variables  such  as 
initial  Mach  number  end  fuel  flow,  magnitude  of  transient  and  rate  of  increase 
of  fuel  flow  and  pressure  durir^  the  transient.  It  is  the  purpose  of  this 
section  to  establish  how  the  experimental  results  can  best  be  expressed  to 
take  full  account  of  all  experimental  variables. 


The  theoretical  treatments  form  a guide  to  the  way  in  which  the 
results  should  be  expressed  but  they  cto  not  give  complete  guidance  as,  in 
same  respects,  the  various  treatments  lead  to  different  conclusions.  The 
important  conclusions  reached  in  Section  2 are  as  follows:- 

Snall  pulse  calculation 

(1)  For  a nail  transient  and  sere  initial  fuel,  this  predlots  that 
aatual  transient  peak  magnitudes  should  correlate , independent  of  time 
affects. 


(2)  For  a snail  transient  and  sero  initial  fuel,  it  predicts  that 
the  effect  of  initial  Knch  number  is  simply  that  the  pressure  pulse  magnitude 

is  proportional  to  ^ 

(3)  For  a nail  transient  and  ini  to  1 fuel  flow  other  then  sero, 
the  effect  of  initial  Mach  number  may  still  be  expressed  approximately  by 

the  factor  r^°n  and  the  effect  of  Increased  initial  fuel  flew  is  to  deorease 

*-*»  1 ♦ H„  dp 

the  ."reda&ed"  pressure  transient  — — — — 

«o  P 


KhtNsrtioal  large  pulse  oolculatlon 

(4)  The  results  of  this  calculation  do  not  indicate  how  initial 
Maoh  tunber  and  fuel  flow  should  enter  the  correlation  but  the  effect 
sdght  be  expfcted  to  be  similar  to  that  of  small  pulse  theory. 

gWtelll.gMMP*1  oalou^tioo 

(5)  This  makes  no  prediction  of  the  general  effect  of  initial  Kcoh 
number  and  fuel -air  ratio,  but  suggests  that  both  these  factors  will  be 
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particularly  iapcrtent  for  the  downstream  pulse  due  to  the  effect  of  ooinci- 
tnm  of  peek  pressure  and  peek  temperature. 

(6)  Zt  suggests  that  rate  of  Increase  of  pressure  should  depend  on 
rate  of  increase  of  fuel-sir  ratio  rather  then  that  the  peek  values,  of 
pressure  and  fuel  transient  should  be  related* 

Xn  order  to  obtain  an  experimental  relation  tbs  results  have  been 
proaesaed  end  correlations  attempted  in  many  ways  bearing  in  Bind  tfao  theoreti- 
cal predictions  and  otbsr  ocmsideretions  to  be  dlsoussed*  The  difficulty 
of  deciding  the  best  agreement  is  very  greatly  increased  by  the  large 
inherent  experimental  scatter  which  usually  overshadows  any  trend  beit^j 
investigated  and  which  consequently  sokes  it  difficult  to  decide  which  is 
the  best  of  the  various  attempts* 

The  a t tempted  correlations  differ  in  the  following  re spec ts:- 


They  coy  be  of 


Rotes  against  rates 
Rates  against  magnitudes 
Magnitudes  against  magnitudes. 


Rotes  may  be  determined: 


1)  By  measurements  of  slopes 

2)  By  measurements  of  finite  increment*. 


The  »usl  parameter  may  be  expressed  as: 

(1)  Proportional  change  in  fuel  flew 

(2)  Change  in  fuel-air  ratio. 

In  addition  various  assumptions  may  be  made  regarding  the  effect  of 
the  additional  fuel  and  of  the  initial  ocnbustlon  efficiency. 


The  aorrelations  attempted  are  euranarlsed  in  Table  2 and  rather  than 
show  all  results*  which  ranged  from  good  to  very  bod*  the  conclusions  from 
eeoh  attempt  era  shown  in  the  Table.  All  piok  up  points  and  ISaoh  numbers 
have  not  been  need  for  every  attempt.  The  various  correlations  will  now 
be  discussed* 

Correlation  Mo*  1 (Table  2) 

At  first  tte  only  theoretical  results  available  were  those  of  Ref.  4 
and*  In  view  of  tte  conclusions  (5)  and  (6)  above*  correlation  of  tte 
experimental  results  vns  tried  by  plotting  rets  of  increase  of  pressure  for 
all  three  plot  up  points  against  rate  of  increase  of  fuel-air  ratio*  both 
these  rates  beirg  determined  from  the  slope  of  the  pressure  traces  at  the 
point  of  initial  rise,  in  view  of  conclusion^)  separate  plots  were  msde 
for  each  initial  Ifcoh  rasher  of  0.15*  0.20,  0.25  and  0*30  and  consideration 
was  also  given  to  the  effect  of  initial  fuel  flew. 


This  yisldsd  correlations  for  the  v rious  pick  up  points  and  Koch 
numbers  ranging  from  fairly  good  to  bad*  the  average  being  fair.  Tbs 
scatter  was  great  but  nevertheless  the  trend  of  the  effect  of  initial  Jtoob 
number  was  evident.  There  wes  however  nothing  to  suggest  that  initial  fuel 
floe  mas  of  any  oonsequence  and  it  was  concluded  that  this  was  an  unimpor- 
tant variable. 


Report  No*  R.  132 


- 15  - 


This  method  of  carrels tl  cm  suffered  from  great  Inaccuracies  In 
computing  rates  from  tangents  as  discussed  in  Section  3*2  and  one  finally 
abandoned  for  this  reason* 


It  should  he  noted  that  the  few  results  obtained  with  7 In.  and 
49  in.  lengths  between  injector  and  stabiliser  in  place  of  the  standard  25 
in.  length  yielded  average  results  of  very  different  magnitudes  and  it  was 
realised  that  this  is  due  to  diffusion  altering  the  distribution  of  fuel 
in  the  transient  before  it  ra  ches  the  stabiliser.  This  effect  will  thus 
beooae  Important  when  rate  of  increase  of  pressure  is  coopered  with  rate 
of  increase  of  fuel-sir  ratio  and  will  make  the  results  dependent,  not 
only  on  the  injector-stabiliser  length  but  also  on  the  dust  diameter  and 
degree  of  turbulence.  If  results  were  obtained  in  this  way,  they  would 
thus  be  of  only  limited  application. 

Ccrrslatione  Roe.  2-5  (Table  2) 

As  an  alternative , rates  of  increase  of  pressure  and  fuel  flow  were 
obtained  by  measuring  the  increments  in  pressure  and  fuel  flow  and  divid- 
ing by  a measured  time  increment.  The  time  increment  used  was  the  mean  of 
the  time  to  reach  peak  pressure  as  recorded  by  pick  ups  2 and  3,  as  pick 
up  1 , being  well  upstream,  suffered  from  a wnve  steepening  effect  and  did 
not  record  such  consistent  time  intervals  as  the  other  two.  This  mean  time 
interval  was  used  in  calculating  both  pressure  and  fuel  rates,  so  eliminat- 
ing the  diffusion  effects  referred  to  in  Correlation  1. 


Several  correlations  were  attempted  since  it  was  uncertain  whether  the 
fuel  variable  could  boat  be  expressed  by  a proportional  change  in  fuel  flew 


by  a change  in  fuel-air  ratio  A 


(P/;k).  (For  a given  Mtsoh  number  A 


la  fairly  constant  and  the  latter  becomes  closely  proportional  to  AF.) 

In  addition  it  woa  thought  that  when  a fuel  increment  AP  is  introduced  to 
a steadily  burning  region  with  initial  fuel  fleer  F^»  the  transient  nay  so 
disturb  the  region  that  the  initial  fuel  F^  my  bum  more  rapidly  than 
previously,  so  that  near  the  start  of  the  c animation  sonc  the  additional  fuel 
burnt  may  actually  be  (Ft  ♦ AP)  rather  than  AP.  For  this  reason  correlations 
were  attempted  using  both  AF  and  ♦ AP  as  a measure  of  the  fuel  increment. 


As  before,  separate  plots  were  made  for  each  Mach  number  and  each 
initial  fuel  flow  and  it  was  ojain  concluded  that  whilst  the  Kaoh  number 
effect  was  definite,  that  of  initial  fuel  flow  was  masked  by  scatter*  The 
'Correlations  obtained  were  better  than  in  No.  1 but  still  showed  consider- 
able scatter.  The  moat  important  conclusion  to  be  drown  was  that 
correlation  was  far  better  in  terms  of  fuel  air  ratio  than  in  terms  of 
proportional  fuel  flow.  (See  Table  2) . 

Correlations  Nos.  6-6  (Table  2) 

Following  on  the  previous  ideas  regard!*^  the  effect  of  initial  fuel 
flow  It  was  thought  thot  if  the  initial  steady  state  is  inefficient  and 
the  transient  causes  en  efficiency  increase  to  unity,  the  fuel  increment 
say  heat  be  expressed  by  AP  ♦ (1  - rj)  Pi  rather  than  by  AP  or  by  AF  ♦ Pi* 
Also  in  considering  the  proportional  increase  in  heat  release  the 
dsnoadoato?  should  be  tfi  rather  then  Pj. 

Attempts  along  these  lines  showed  oo  improve  me  nt  in  the  quality  of 
correlation  obtained  and  it  was  concluded  thot  the  computing  complexity 
Involved  in  processing  the  results  thus  was  not  Justified. 
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An  attempt  na  node  to  correlate  rates  with  m gnltudes  and  vice  verse, 
expressing  fuel  change  in  terms  of  fuel- air  ratio  since  that  had  previously 

AF  ♦ Fl 

shorn  best  results.  Both  A(F/^)  and — were  used  to  express  the  fuel 

4 iuMsimmm 4b  dx 

luOrBOiu*  • 

The  results  of  these  correlations  were  bad  and  these  attempts  were 
abandoned. 

pus  Roe 


About  this  tire  the  results  of  Ref.  3 became  available  and  in  view  of 
the  prediction  that  magnitudes  rather  than  rates  are  significant,  correlation 
*os  attempted  slang  these  lines.  Results  were  no  better  than  those  obtained 
previously  but  were,  in  general,  no  worse  and  the  simplification  of  neglecting 
tine  effects  wrb  attractive.  The  results  confirmed  previous  findings  that 
fuel  transient  is  better  expressed  in  terns  of  fuel  air  ratio  than  in  toms 
of  proportional  fuel  flow. 

A further  prediction  of  Ref.  3,  that  livch  number  variation  can  be 
1 ♦ Mo 

expressed  by  the  factor  ~ — was  taken  into  account  in  correlations  16  and 

**o 

17  and  it  was  found  that  reasonable  correlation  of  all  Hach  numbers  was 
obtained  in  this  wny  on  the  one  graph.  These  results  are  considered  to  be 
the  best  and  most  useful  obtainod  and  are  reproduced  in  Pigs.  5>  6 and  7. 

It  should  be  noted  that  the  scatter  for  the  downstream  pulse  (pick  up  3) 
is  worse  than  that  of  the  other  two  as  predicted  in  section  2.2,  item  2. 

In  correlations  16  and  17  the  fuel  increment  has  been  expressed  in 
IJf  ♦ ?i 

two  forms,  A(^/^)  and ~ representing  the  two  extreme  assumptions  of 

the  sffeots  on  the  initial  fuel  of  the  fuel  transient.  It  is  difficult  to 
choose  which  gives  the  better  result  but  that  in  terms  of  &(F/a)  is  probably 
better  and  is  certainly  the  simplest  and  easiest  to  moke  use  or. 

It  should  be  noted  that  the  factor  _ , based  on  J'nch  number  at 

M 

the  point  of  pulse  production,  occurs  in  all  theoretical  treatments,  lnolud- 

1 ♦ jj, 

ins  the  general  one  of  Ref.  6,  but  the  factor  — — — - , based  on  initial  Mach 

Mo 

number,  is  predicted  only  for  a snail  transient  and  for  sero  initial  fuel 
floe.  Nevertheless  its  use  for  the  experimental  results  of  Figs.  5,  6 and  7 
yields  satisfactory  calculations. 

Included  also  in  Figs.  5 and  6 are  the  results  of  the  few  rarefaction 
transients  obtained,  as  described  in  section  3.2  when  the  fuel  flow  was 

Ap  IB 

suddenly  decreased.  The  values  of  — and  shorn  are  actually  negative  and 

indicate  the  same  trend  os  for  positive  transients  so  that  it  may  be  con- 
cluded that  the  same  mean  line  applies  for  compression  or  rarefaction  pulses. 

4 F 

Correlation  of  the  rarefaction  pulses  on  the  basis  of r—  has  not  been 

da 

attempted  as  this  would  be  meaningless. 
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4.2  Comparison  of  theory  and  experiment 

The  nesn  experimental  results  obtained  from  Pigs.  5 to  7 are  coo- 
pered with  the  various  theoretical  calculations  in  Pigs.  8 and  9 for 
upstream  and  downstream  pulses  respectively. 

Both  figures  show  the  following  theoretical  results*  plotted  on 

the  basis  of  both  the  fuel  increment  £ and  the  total  fuel  flow  j- 

A A 

1.  Sen  11  pulse  calculation 

(a)  Zero  initial  fuel  flow*  any  Mach  number* 

(b)  large  initial  fuel  flow*  Mq  ■ 0.10  and  0.20 

2.  iisthecatical  large  pulse  calculation 

(n)  Neglecting  all  attenuations  and  reflections. 

(it)  Considering  the  primary  attenuation  only. 

3*  Complete  graphical  calculation  for  large  pulse  and  large 
initial  fuel  flow,  nil  attenuations  and  reflections  boing  considered. 

The  results  of  these  thnoretiee)  tre-tr^nta,  oil  of  which  assume 
a aimplo  low  of  burning,  nay  be  corgsrod  by  noons  of  Pigs.  8 and  9 and 
the  following  conclusions  say  be  drawn:  - 

(1)  Por  snail  pulses  the  pern  me  ter  dsoressed  by 

«o  ** 

an  lncrens#  in  initial  fuel  flow  but  is  far  less  sensitive  to  initial  Haoh 
number.  It  would  be  expected  that  the  same  trends  will  apply  to  large 
pulses. 


(2)  large  pulse  theory  gives  a curve  of  pressure  transient 
against  fuel  transient,  the  slope  of  which  at  the  origin  la  predicted  by 
tho  small  pulse  theory.  Primary  attenuation  causes  relatively  more  loss 
to  tho  upetreen  pulse  than  to  the  downstream  pulse  and  since  attenuation 
of  one  of  these  will  appear  as  reflection  on  to  the  other,  it  may  be 
expected  that,  were  all  reflections  considered,  tho  resultant  upstream 
pulse  would  be  slightly  bslow  the  simple  upetreen  pulse  wi  th  all  reflec- 
tions and  attenuations  neglected,  whilst  the  resultant  downstream  pulse 
would  be  above  the  corresponding  simple  result. 

(3)  The  complete  graphical  calculation  for  one  fuel  transient 
is  in  good  agreement  with  the  mathematical  large  pulse  theory,  particu- 
larly when  the  considerations  of  (2)  above  are  taken  into  aooount.  In 
comparing  these  la  Pig*  9 it  should  be  remembered  that  results  of  the 
large  pulse  theory  ns  given  apply  only  in  tho  cool  region. 

. Considering  new  both  theoretical  and  experimental  results,  the 
relieving  remarks  coy  be  mode:- 

(1)  The  downstream  experimental  results  show  for  more  scatter 
than  the -upstream  ones  and  this  can  probably  bo  explained  by  the  complex 
effects  of  initial  fuel  flow  and  «fcch  number  end  transient  sixo  in  deter- 
rvining  whether  or  not  the  downstream  pulse  is  measured  in  tho  hottest  or 
coolest  region,  the  theory  of  section  2.4  shm-irc  this  to  hove  a large 
effect  on  the  pulse  else. 
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(2)  The  upstream  experimental  results  show  consistently  loser 
pressure  pulses  for  pick  up  1 then  for  pick  up  2,  which  any  be  due  to  the 
offset  af  friction  on  the  60  in*  of  duct  separating 

(3)  SxperlBBntsl  results  for  the  downstream  pulse  agree  well  with 

the  large  pulse  theory  up  to  values  of  ^ of  about  3*0  x 10r3  after  which 

they  bsoome  too  low.  This  nay  be  because  the  calculations  ends  from  large 
pulse  theory  were  on  the  bests  of  a staple  burning  law. 

(4)  Experimental  results  for  the  upstream  pulse  ere  lower  then 

predicted  by  large  pulse  theory*  even  et  low  values  of  . This  effect, 
which  Is  in  con  treat  to  the  downs  tress  agreement,  is  a labs  t certainly  due 
to  friction  at  the  flame  stabiliser  which  was  not  considered  in  the  quoted 
theoretical  results.  The  experimental  results  for  pick  up  2 (just  upstream 
af  the  stabiliser)  ore  about  30  per  oent  below  large  pulse  theory  at  low 
values  of  and  this  amount  of  frictional  attenuation  has  been  shown 
theoretically  to  be  possible  using  the  ore  sent  stabiliser.  (Ref.  4.) 

(5)  The  reasonable  agreement  between  theory  and  experiment  could 
be  fortuitous  since  the  former  assumed  100  per  cent  combustion  efficiency 
whereas  experimental  steady  state  efficiencies  before  production  af  the 
transient  ere  known  to  have  been  as  law  as  30  per  cent.  However,  there  is 
every  likelihood  that  efficiency  rises  during  the  transient  and  it  is  con- 
sidered that  the  assumption  of  100  per  cent  efficiency  during  the  transient 
is  justified. 


4.3  Discussion 


The  large  experimental  error  end  the  lack  of  reproducibility  of  the 
transient  process  have  s»de  it  impossible  to  obtain  very  accurate  date  or 
to  datsms&ns  experimentally  the  exact  effect  of  the  operating  variables. 

Of  the  various  correlations  attempted,  those  af  Pigs.  5 to  7 are  considered 
the  best  on  the  grounds  of  both  aoouraay  and  stapliolty.  In  the  range  of 
Initial  fuel  flaw  end  fuel  transient  tested  (up  to  18  per  oent  sod  43 
per  oent  stoichiometric  respectively)  there  Is  little  to  choose  between 

correlations  on  the  basis  at  ~~  car  but  the  former  is  more  con- 

venient to  use,  particularly  as  it  applies  for  both  compression  and  rare- 
faction transients. 

Considering  the  various  theoretical  results  (Pigs  8 and  9) » the 
stall  pulse  calculation  gives  the  Initial  slope  af  the  pressure  transient- 
fuel  transient  curve  and  indicates  the  effects  of  Initial  fuel  flow  and 
Knob  number,  the  former  having  o for  greater  effect  than  the  latter  on  the 
1 ♦ |U  dp 

parameter  — ^ — - The  staple  large  pulse  calculation  is  in  good 

agreement  with  the  oasplete  numerical  treatment  when  attenuations  and 
reflections  are  considered. 

Csepnriqg  theoretical  and  experimental  results  (Pigs.  8 and  9) » 
these  are  in  good  agreement  for  the  downstream  pulse  up  to  values  of 

Y of  shout  3*0  x l<r 3,  after  which  the  theoretical  results  are  too  high, 

possibly  because  of  assumption  of  a staple  burning  law.  The  upstream 
results  for  pick  up  2,  situated  just  upstream  of  the  stabiliser,  are 
shout  30  per  oent  below tbearatlad  results,  even  for  stall  values  of 

& and  this  is  attributed  to  losses  at  the  flame  stabiliser.  Experimental 
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results  for  pick  up  1 are  about  2}  per  cent  below  thoee  for  pick  up  2 
probably  because  of  friction  in  the  length  of  duct  connecting  them. 

„ «•  regards  the  application  of  the  present  beet  results  to  other 
ooc&ustion  systems  and  other  fuels,  there  is  no  doubt  that  the  different 
turbulence  and  oanSbustion  rate  in  these  circumstances  trill  lead  to  different 
results.  However,  the  reasonable  agreement  between  theoretical  calculations 
and  experiment,  despite  the  simple  assumptions  rode, indicate  that  the 
results  are  relatively  insensitive  to  changes  in  combustion  behaviour  and 
hence  to  changes  in  rig  configuration.  The  chief  item  whioh  is  likely  to 
change  from  rig  to  rig  la  the  loss  at  the  stabiliser  and  this  oan  be  dealt 
with  by  the  method  of  Ref.  5- 

It  should  be  remembered  that  the  experimental  results  apnly  only  for 
an  Initial  fuel  flow  less  than  stoichiometric  and  for  pulse  sixes  whioh 
keep  the  total  fuel  flow  below  stoichiometric.  In  other  oiroumatances  the 
effect  could  be  calculated  from  the  present  results  on  the  assumption  that 
no  dissociation  or  variation  of  combustion  rate  occurs  near  stoichiometric. 
However,  this  would  be  only  a first  approximation  and  s fuller  investigation 
would  be  required  to  find  the  effect  of  fuel  transients  near  or  above 
stoichiometric.  It  should  not  necessarily  be  assumed,  because  a fuel  pulse 
above  stoichiometric  aauses  no  heat  addition,  that  no  pressure  pulse  will 
arise,  because  the  effect  of  this  additional  fuel  in  altering  the  combustion 
rate  can  give  rise  to  a pulse. 

5*0  Conclusions 

The  present  work,  together  with  the  theoretical  treatment  of  References 
3,  4,  6 and  6 constitutes  on  investigation  of  the  production  of  pressure 
pulses  by  a change  in  fuel-air  ratio  in  a combustion  chamber  of  the  xnm  Jet 
or  reheat  type. 

The  theoretlasl  treatments  form  a basis  for  understanding  the  problem 
and  the  present  experimental  investigation  my  be  regarded  both  as  a cheok 
of  the  theoretical  results  end  sn  experimental  determination  of  data  to  be 
used  in  dealing  with  this  typo  of  problem  - for  instance  in  the  prediction 
of  stability  limits  and  amplitudes  of  oscillations  of  the  type  dealt  with  in 
References  1 and  2. 

Calculations  have  been  me do  based  on  the  theoretical  treatments  of 
References  3,  4 and  8 and  these  have  been  found  to  be  in  good  agreement 
with  one  another.  The  calculations  show  the  trend  of  the  effects  of  initial 
fuel  flow  and  tuioh  number  and  pulse  else* 

The  experimental  results  show  considerable  scatter  but,  nevertheless, 
reasonable  correlations  have  been  obtained.  If  numerical  data  of  the  transient 
effect  la  required,  it  is  suggested  that  the  experimental  results  in  terms 

of  be  used,  pick  up  3 giving  the  downstream  pulse  (Fig.  7)  and  pick  up 

2 the  upstream  (Fig.  6),  bearing  in  mind  that  the  latter  Includes  s lose  of 
about  30  per  cent  due  to  friction  at  the  stabiliser. 

/is  shown  in  Figs.  8 and  9 theory  is  in  good  agreement  with  ex  periment 

for  transients  up  to  ^ » 3.0  x 10“^  provided  the  effect  of  stabiliser 

frlotion  is  considered.  For  larger  transients  divergence  oocurs,  probably 
because  of  simple  assumptions  mads  in  the  theoretical  calculations. 

The  agreement  between  experiment  awl  theory  is  such  as  to  give 
confidence  that  the  present  results  can  be  applied  to  other  rigs  and  fuels. 
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Approximate  Combustion  Rite  in  the  Steady  State 

In  the  theoretical  calculations  of  Section  2 and  Appendix  II 
the  assumption  is  ends  that  before , during  end  after  the  transient,  com- 
bustion is  such  that  the  time  rate  of  entropy  increase  is  constant  far  each 
layer  of  gas  In  the  ooabustion  sene. 

This  aaauaption  is  Justified  on  the  grounds  of  the  resultant 
slnpllf  lout  ion  of  the  calculations,  but  it  is  important  to  determine  hoe 
oocumte  the  assumption  is.  It  would  require  very  elaborate  instrumentation 
to  determine  the  combustion  behaviour  during  or  immediately  after  the  tran- 
sient but  the  steady  state  combustion  data  before  the  transient  can  be 
obtained  and  this  bus  been  done  approx irately. 

The  oombustion  eone  of  the  duct  was  fittod  with  bosses  every  6 In. 
through  which  a total  temperature  thermocouple  could  be  inserted  and  seven 
runs  were  node  in  which  the  centre  point  temperature  was  measured  at  each 
station.  The  runs  covered  o rnr^je  of  cold  Koch  nailers  from  0.15  to  0.25 
and  fuel  flows  oorreaponding  to  maximum  temperatures  from  190°C . to  520°C. , 
attainment  of  higher  temperatures  being  prevented  by  the  tendency  of  the 
rig  to  oscillate  ot  high  fuel  flows. 

Despite  the  range  of  Mnah  numbers  and  fuel  flows  covered,  nil 
longitudinal  temperature  profiles  were  very' similar  and  the  mean  experi- 
mental results  for  all  seven  runs  ere  shown  in  Fig.  1QA.  The  mean  line  so 
obtained  indicates  the  approximate  temperature  variation  but  this  should 
not  be  taken  too  literally  ao  only  centre  point  temperatures  were  measured 
and  insufficient  points  were  taken  to  indicate  the  true  variation, 
particularly  near  the  origin  where  a straight  or  rounded  toe  may  be  assumed. 

A as  toning  the  mean  total  temperature  variation  of  Fig.  lQf.  with  the 
■seen  initial  Ha  oh  number  and  air  temperature,  the  tables  of  Ref.  7 have 
been  used  to  find  the  corresponding  iiach  number  and  sonic  velocity  varia- 
tion whence  the  time  corrcspcrviir^j  to  each  duct  position  was  found  by 
graphical  1 integration  of  the  exprassion:- 


The  entropy  variation  was  also  found  by  graphical  integration 
using  the  expression: - 

2.  . (d  *242  m2)  ^2  (from  Ref.  6) 

(T0  ■ Total  temperature) 

The  results  of  this  are  shown  in  Fig.  10B  as  graphs  of  total 
tespsrature  and  entropy  ago  Inst  tine.  It  will  be  noted  that  the  assunption 
of  oonstant  rate  of  entropy  increase  is  less  accurate  than  would  be  one 
of  linear  increase  in  total  temperature. 

Note  that  these  results  form  merely  an  approximate  guide  to  the 
oocbustlon  behaviour  and  should  not  be  interpreted  as  on  accurate  determina- 
tion of  oaabustlon  data. 
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APPHPH  II 

Co  tailed  Theoretical  Calculations 


1.  Samll  ml—  calculation 

For  sero  Initial  fuel  flew,  equation  (1)»  Section  2.2  (i.e.  equntiona 
(32)  ond  (>*)  of  Ref.  2)  la  used  directly:- 


11  Mo  dp  Y 

“IT"  T “ To; 


A S 


(1) 


Asausaii^  an  initial  temperature  of  40**C. , Y « 1.4  and  Cp  ■ 0.24  and 
taxing  the  fuel  as  hydrogen  having  e calorific  value  of  H * 28650  CHU.  Ah. , 
leads  to:- 


48  " ^ " f 

a(p/a) 

with  the  obvioua  notation 

whence 

1 1 Ho  dp  Y H 

m p " To;  ? 

A(F/a) 

1.4 

28.650 

a(f/a) 

" 2 x 0.24 

y\ 

. 0.267  A(p/A)  (2) 

where  P/\  is  nov  expressed  as  mill!  pounds  per  pound. 


Por  a large  initial  fuel  flow,  the  upstream  pulse  is  attenuated  in 
passing  through  the  burning  sone  and  the  portion  of  it  reflected  is  added  to 
the  downstream  pulse.  The  proportions  attenuated  and  reflected  ore  given  by 
equations  (64)  and  (68)  of  Ref.  3 as:- 

Proportion  remaining  after  attenuation; 


_ 1 r 
® ’ 4 J (1-H)* 
So 


1 ♦ YX2  dS 

Cp 


•(4) 


Proportion  reflected; 


v « 


"o 


■ (;•) 


Assuming  20  per  cent  stoiohionstrlo  fuel  flow  ( stoiohianetrio 
P/A  • 28*9  * W“3 


tone  is 


a 


for  hydrogen-air) , the  teaiper&ture  rise  across  the  burning 


P/A  H 0.20  x 28.9  x 1<T3  % 28650 

TT“  * IJTST 

- 662°  C.  (assuming  Cp  - 0.25  at 

this  higher  temperature) 
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So  final  temperature  ■ 513  ♦ 662  • 975^t.  . 

Thus  tb»  pulses  initially  produced  at  this  temperature  on  given  by 
the  •quatioo:- 


Ull  ip  1.4  28.650 

— ■ m *****  up  ■■■■lag  ■» 

p 2 x 0.25  975 


*(Va> 


0.0623  a(?/a)  ‘ (6) 


where  Mi  now  refen  to  the  Hoch  maker  at  the  higher  temperature. 

The  ottenuntione  and  refleotiona  of  the  bcsio  upstream  pulse  depend 
on  the  Maoh  maker  variation  through  the  burning  tone.  Using  the  tablet  of 
Bef . 7 for  steady  floe  with  heat  addition*  the  entropy  and  Maoh  maker 
variation  through  the  bumltg  tone  has  been  calculated  far  an  Inlet  temper- 
ature of  513°K.  and  outlet  temperature  of  975°K.  and  for  initial  Maoh 
makers  of  0.10  and  0.20.  Using  this  information*  w and  v have  been 
evaluated  from  equations  (4)  and  (5).  Results  are  ea  follows 


Initial  cold  Mach  nunfcer  Mo 

0.10 

0.20 

Initial  total  temperature 
Pinal  total  temperature 

313°K- 

975°K. 

313°K. 

975°K. 

Final  Maoh  number  Mi 

Entropy  increase  through  burning 

0.182 

0.408 

sone 

as 

Cp 

1.143 

1.143 

Transmission,  w fron  equation 

(4) 

0.672 

0.524 

Reflection*  v from  equation 

(5) 

0.18? 

0.135 

The  resultant  values  of  upstream  and  downstream  pulse  considering 
alternations  and  reflections  and  expressed  with  a factor  in  terms  of  initial 
Maoh  maker  for  comparison  with  equation  (2)  ore:- 


Unstrsan  guise: 

'-ir  7 ' ” °-“23  **  1 

using  equation  (6)  for  the  basic  pulse. 
Substituting  for  Mq*  Mi  and  w>  this  beoomes:- 


- — H£  -£■  • . 0.111 

*o  P 

- 0.119 


d(?/A)  for  Mo  » 0.1 
A(P/a)  for  Mo  » 0.2 


.(7) 


Downstrsea  pulse 


1 ♦ Mo 


{iT5T  E5f}  * °-o“»  «Vi> 


which  similarly  beoooss 

LlJfe  ££  * 0.178  6(f/A)  for  Mg  ■ 0.1 
Ho  P 

• 0.189  A(F/a)  for  Mo  ■ 0.2 


.(8) 
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2.  Mathematical  law  pule*  calculation 

The  extension  from  saall  pulse  to  large  pulse  theory  has  been  carried 
out  in  B«f.  8 and  nay  be  described  with  reference  to  Fig.  11  whloh  represents 
events  on  the  Lagrange  plane.  This  type  of  diagram  is  fully  explained  In 
Refs.  3 and  4 and  it  Is  sufficient  here  to  say  that  the  ordinate  and  abscissa 
of  suoh  a diagram  represent  respectively  tine  end  the  Lagrange  oo- ordinate 
whloh  is  defined  as  the  mss  of  gas  contained  between  c particular  gna  layer 
and  a dntws  layer. 

In  Fig.  11  ;j)  represents  the  flame  stabilisers  and  CD  and  EF  the 
initial  and  final  layers  of  gas  in  which  the  large  fuel  transient  exists. 
Qasfcustlon  starts  st  the  fleas  stabiliser  CE  and  finishes  along  the  line  CP. 

Conslderir*  a snail  combustion  increment  GH,  upstream  and  dwmatream 
pressure  pulses  are  propagated  along  characteristics  and  any  be  measured  in 
the  ieentroplc  regions  at  JK  and  Hi  respectively. 

Small  pulse  theory  gives  the  pressure  pulses  of  the  combustion  pulse 
GH  measured  along  the  lsen tropic  lines  Of  and  GP,  these  lines  being,  respec- 
tively, vertical  and  parallel  to  ,',B. 

It  is  shown  in  Ref.  8 that  the  finite  sun  of  snail  pulses  suoh  as 
OP  and  OH  con  be  found  by  integration  of  snail  pulse  theory  along  the  line 
CF.  The  result  expresses  the  upstream  end  downstream  pulses  in  terms  of 
the  heat  addition  OQ  implicitly  uslr«  the  Mach  number  N along  CF  as  parameter 
thusi- 


Upstream  pulse: 


to  . - I-T-i.  M 
r ♦ 1 K 

Downstream  pulse: 

“ •*1T1  tF 

Meet  additions 


1 ♦ 11  1 < Y*1]  M - 
— w 0 * 


•(9) 


v'Mo 


(yi)  m 


■ do) 


t> Q 


JSEs. 


Kz  (yl) 


(i+u)  TylTH 


*o 


•(11) 


whsrs  s represents  sonic  velocity  and  the  constant  K is  obtained  from  the 
initial  conditions:- 


e 

*o*o 


(12) 
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Rearranging  these  to  express  pulse  else  in  terns  of  pressure  ohange 
fip  end  substituting  for  the  folioring  data: 

Initial  Temperature  T0  * 313°K- 

" Mb  oh  amber  !0  ■ 0.20 

Specific  heat  Cp  ■ Q-.2U 

" " ratio  Y * 1*4 

Colorifio  value  K ■ 28650  CKD./lb. 

the  eqtntlons  (9)  to  (12)  becone: 

upstrean  pulse  ^ 

£E  . i 1 * 5.I65  x 10*4  f-  I-!  ) - 1 (13) 

Po  l l-  ) 

downstream  pulse: 

M 7 

- jl ♦ 6.20  x 10-4  fij  J | - 1 (14) 

«o 

heat  addition: 

• 2.521  x 10-5  j_  j (15) 

(with  in  milli  lb.  per  lb.) 

where 

H • ^ « 

* ■ Mi™ 

rOTT 

x3  " • 

In  Sef . 8 the  integrals  are  evaluated  for  a range  of  values  of 
M and  the  qua ni titles  of  equations  (13)  to  (15)  have  thus  been  calculated 
as  follows:- 


n 

m 

m 

b£ 

Opstreon 

P 

Downs  traaa 

i£ 

P 

0.20 

0.19 

0.V 

0.17 

0.723  *10* 
2.133  x 10* 
5.070  x 10* 

0 

28.20 

66.80 

121.70 

0 

15.81 

37.96 

70.06 

p o o o 

sis 

0 

0.070 

0.179 

0.3U> 

0 

1.822 

5.375 

12.78 
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These  results  are  shown  in  Rigs.  8 and  9 os  large  pulse  theory 
negleetinc  attenuation  and  reflection.  Tbsy  refer  to  the  finite  euro  of 
•anil  pulses  such  as  GH  ani  CP. 

A closer  approximation  to  actual  conditions  is  to  consider  attenuation 
of  the  upstream  and  downstream  pulses  in  the  burning  and  burnt  tones 
respectively  to  the  left  of  line  CP  (Pig.  11)  and  to  the  right  of  this  line. 
Reflection  of  these  pulses  is  ignored  os  tha  total  magnitude  of  resultant 
pulses  Including  reflections  will  depend  on  the  ratio  of  the  oombuation  rate 
to  the  rate  of  increase  of  fuel  air  ratio. 

The  attenuation  factors  for  burning  erd  burnt  regions  are  derived 
in  Ref.  3 end  Ref.  6 respectively.  They  are  only  approximate  in  this  case 
ss  they  apply  strictly  only  for  steady  conditions  before  the  pulse.  They 
are:- 


Buming  zone  (l.e.  upstream  pulse): 


1 

Proportion  remaining  wu  a e 4 
Burnt  tone  (i.e.  downstream  pulse) 


A3 

C 1 ♦ VM2  dS 

J (1-K)2  Cp 


- 1,3 

Proportion  renr.  ining  wg  ■ e - L r.p 


(4) 

(16) 


The  upstream  attenuation  factor  was  evaluated  by  first  assuming  30 
per  oent  attenuation  from  which,  knowing  the  initial  pulse  size,  the 
vnriation  of  i-ach  nufifcer  at  the  stabiliser  .',B  was  found.  The  initial  and 
final  liaoh  maaber  alory  lines  such  r.s  GJ  was  thus  krcwrn  and  a linear 
vnriation  of  Mr.ch  number  with  entropy  was  assumed  along  such  lines,  the 
error  due  to  inaaouraay  in  this  assumption  being 
as  follows:- 

Mach  number  alotv*  CF  (Fig.  11) 

Piret  approximation  to  Mach  number  along 
line  ;.B  (by  assuming  50  per  cent 
attenuation) 

SQ 

Entropy  ohnnge  along  characteristic  GJ  0 

Attenuation  factor  (equation  (4))  wu 

The  dewnstreaa  attenuation  factor  was  evaluated  directly  from 
equation  (16)  thus:  - 


slight. 

Results  were 

0.20 

0-19 

0.18 

0.17 

0.20 

0.162 

0.112 

0.041 

0 

0-592 

1.436 

2.597 

1.00 

0.797 

0.600 

0.492 

Attenuation  factor 


wd 


1.00  0-862  0.698  0.5 22 


Since  tho  attenuation  factors  so  found  apply  only  to  the  pulse 
incre»nt  at  aqy  point  they  oust  be  multiplied  not  by  the  final  large  pulse 
previously  found  but  by  successive  increments  of  this  pulse.  This  was 
achieved  by  graphically  differentiating  the  large  pulse  curve  previously 
found,  sultiplyiag  by  the  appropriate  attenuation  factor  and  graphically 
integrating.  The  final  results  fear  the  attenuation  pulses  ere  a*  follows:- 
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Ope tree r 

Downstream 

t*/k  X 10 3 

[ - - t 

1 " ]''0  :‘T>/ 

X,  ‘'TO 

1 + i 0 An/ 

| So  '*> 

0 

0 

i 

0 

2 

0.04 

1 0.448 

4 

0.682 

0.752 

6 

0.890 

! 0.976 

8 

1.0463 

1 1.1656 

10 

1.1980 

1 1.3341 

12 

1.3394 

1.4863 

I 

J 


The  result’.nt  curves  of  attenuated  pulse  aise  '.;;cinat  fuel-olr 
ntlo  chnn?e  ore  ehown  in  Pica.  8 end  9» 


3.  Complete  ^rophicr.l  calculation 


The  ^rophical  calculation  of  Ref.  4 used  the 

Initial  cold  Kach  number 

Entropy  increase  through  burner 
before  transient 

Ratio  of  entropy  ir.cr*,.'.3t  through 

burner  after  transient  to  that 
before  transient 


end 


following  data : 

:'o  3 

0.20 

15 

CP 

0.765 

1 

15  = 

,'S 

2.0 

t. 

7-36 

where  a0  “ 
* * 
« » 


initial  cold  sonic  velocity 

duration  of  eorJbustion  reaction  before  transient 

length  of  fresh  mixture  through  which  the  "potential" 
entropy  increases  linearly. 


One  set  of  values  of  the  latter  three  quantities  which  would  be 
trpiosl  of  the  present  experimental  results  is:- 

»0  ■ U64  ft. /sec.  (i.e.  initial  fixture  temperature  40°C.) 

1 a 1.0  milli-sec. 

I m 0.158  ft. 


Usir^  the  tobies  of  Haf . 7,  steady  ooebustloo  free  an  initial  odd 

rtsoh  nuafcer  0.20  with  an  entropy  increase,  ■ 0.765  corresponds  to  en 

increase  in  total  temperature  of  2.14.  tiroes  and  twice  this  entropy  Increase 
corresponds  to  s total  temperature  increase  of  4.45  times. 


Thus  tbs  final  temperature  before  the  transient  is  2.14  x 313 
end  thst  sftsr  the  transient  is  4.45  x 313 


669°K. 

1395“K 


RBsmotro 
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/.Mining  Cp  s 0.240  in  the  lower  temperature  rr.rge  and  0.230  in  the 
higher*  the  fuel-sir  ratios  to  give  theee  temperatures  ore  given  by 

Op  AT  « H j 

{ * V • — S&- w)  • 2-’Si  1 10'5 

for  the  initial  steady  state 

» zjm  . 9.440  X 10-3 

for  the  final  state 

Hence  the  change  during  ecmbuation  is  given  by 
- 6.455  x 10-3 

' A 

The  pulse  magnitudes  in  Ref.  4 nr?  token  from  the  curves  of  pressure 
variation*  the  increase  in  pressure  up  to  the  peak  being  divided  by  the 
Initial  steady  pressure.  Th»:  results  are 


Por  the  upstream  pulse  ^ 
For  the  downstream  pulse 

Cose  1 (hot  region)  & 


0.300 


1.265  - 0.940 


0.345 


Coso  2 (oold  region) 


1.1^0  - 0.940 
O.946 


0.255 


The  data  of  this  problem  is  completely  specified  by  the  porn  meters: 


u AS  AS  a0t 

**'  T 

The  curve  of  pressure  variation  is  plotted  against  a non  dimensional 

time  £ so  that  the  actual  time  to  reach  peak  pressure  is  proportional  to  t. 

Also,  the  time  during  which  the  fuel  increment  is  introduced  is  equal  to  the 
length  of  duct  along  which  fuel  air  ratio  varies  divided  by  duct  velocity* 

l.e.  this  time  is  proportional  to  — ^ — 

«*o  “o 

Hence,  given  Mg*  the  parameter  oould  be  replaced  by  — i.o. 

by  the  ratio  Tims,  to  magh  jyk  g»ss«e,  . . 80  ^ aata  of  the 

Time  of  increase  of  fuel  air  ratio 

problea  oould  equally  well  be  expressed  by  the  alternative  four  parameters: 


AS  AS  J 

c:  * w • tIst 


increase  of  fuel  air  ratio 


l.e.  by  the  initial  Ms  oh  number  and  fuel  flow*  the  magnitude  of  the  fuel 
transient  and  the  ratio  of  the  pressure  to  fuel  transient  times. 
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AD#:  AD001 1220 

Date  of  Search:  14  May  2009 

Record  Summary:  AVIA  28/3679 

Title:  Pressure  pulses  caused  by  change  in  fuel  air  ratio  in  a simply  stabilised  burning  zone 
Availability  Open  Document,  Open  Description,  Normal  Closure  before  FOI  Act:  30  years 
Former  reference  (Department)  R132 
Held  by  The  National  Archives,  Kew 


This  document  is  now  available  at  the  National  Archives,  Kew,  Surrey,  United 
Kingdom. 

DTIC  has  checked  the  National  Archives  Catalogue  website 
(http://www.nationalarchives.gov.uk)  and  found  the  document  is  available  and 
releasable  to  the  public. 

Access  to  UK  public  records  is  governed  by  statute,  namely  the  Public 
Records  Act,  1958,  and  the  Public  Records  Act,  1967. 

The  document  has  been  released  under  the  30  year  rule. 

(The  vast  majority  of  records  selected  for  permanent  preservation  are  made 
available  to  the  public  when  they  are  30  years  old.  This  is  commonly  referred 
to  as  the  30  year  rule  and  was  established  by  the  Public  Records  Act  of 
1967). 
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